The increasing use of polymer matrix composites (PMCs) in structural applications created demand for advanced repair techniques to fix internal delaminations in PMCs. One of a variety of repair techniques is injection repair, which involves injecting a low viscosity resin directly into the damaged area and subsequently curing the resin to heal the damage. In this study, bisphenol E cyanate ester (BECy) was investigated as a potential resin for injection repair of bismaleimide-carbon fiber based composite panels for aircraft. Temperature sensitive repair applications required a technique that avoided the high temperature post-cure of the injection repair resin. Modulated differential scanning calorimetry (MDSC) experiments were used to examine the degree of cross-linking and the glass transition temperature (T g ) of under-cured injection repair resin. The chemistry of cross-linking in under-cured BECy was studied by Fourier transform infrared spectroscopy (FTIR). Lap shear tests of the under-cured injection repair resin on composite substrates revealed the influence of change in isothermal under-cure temperature on the bond strength. Temperature dependent dynamic mechanical analysis disclosed the significance of sub-T g relaxations on the adhesive properties of the under-cured resin. Post-fracture surface analysis of the lap shear specimens, performed using Scanning Electron Microscope (SEM) micrographs, indicated a mixed mode of fracture in the form of a combination of resin and resin-composite interface failure.
Introduction
Polymer matrix composites (PMCs) are becoming more prevalent in structural applications. Excellent mechanical properties combined with low density make PMCs desirable replacements for their metal counterparts [1] . With their growing use in aircraft and aerospace industries, new on-site repair methods must be developed to fix damage incurred while the composites are in service. Damaged PMCs on such complex structures often exhibit delaminations or microcracks that can drastically affect the integrity of the part [2] . Novel self-healing strategies have been developed for sensing such damage and responding in an autonomous fashion to restore structural function without outside human intervention [3] and [4] . However, such strategies have thus far been limited to controlled laboratory environments, and have not found widespread success in commercial or military applications. However, manual resin injection techniques have become well-established methods to repair delamination damage in composite parts. The key procedures involved in this technique are: (1) cleaning the delaminated area with low viscosity solvent. (2) injecting the resin into the damaged area, (3) allowing it to infiltrate into the internal cracks, and (4) subjecting the composite to heat in order to cure the injected resin.
The choice of resin plays a critical role for the success of injection repair operation. Russell et al. determined that in general, suitable resins must meet several requirements, such as high glass transition temperature, meeting the service temperature limits, high fracture toughness after cure, low toxicity, and long-term stability [5] . Low ambient viscosity is also desirable to achieve good infiltration into the delaminations. The resin should also be compatible with the composite panel, providing good wettability before curing and high adhesive strength after curing.
High temperature cyanate ester thermosets are widely used as injection repair resins. Cyanate ester monomers with two or more cyanate ester (-O-C N) functional groups can undergo a thermally initiated cyclotrimerization reaction [6] . High thermal stability and superior mechanical properties make cyanate esters suitable for high temperature applications in the aerospace and electronics industry [7] . Cyanate esters offer several advantages over other thermosets, such as amine curing epoxies, including resistance to moisture absorption, exceptional adhesive properties, and low toxicity [7] and [8] . For example, bisphenol E cyanate ester (BECy), the resin used in the present work, outperformed an epoxy (Epon 828) in all mechanical tests, even at high temperatures (200 °C) [9] .
BECy belongs to the group of polycyanurates that form a cross-linked structure once they undergo the cyclotrimerization process [10] . BECy is particularly unique because of its distinctive combination of a high T g and low viscosity at room temperature [11] . Most high temperature thermosets require higher temperatures to achieve low viscosities suitable for injection repairs. BECy is an exception to this trend, making it an excellent choice for many applications. BECy's low viscosity, caused by the rotational flexibility of the BECy monomer structure ( Fig. 1) , makes it easy to process at low temperatures [12] . Good fiber wetting along with a glass transition temperature of 270 °C qualifies BECy for high service temperature repair applications. One study showed that the use of carbon fiber reinforced BECy resulted in promising patch repairs of several composites [13] . To achieve a fully-cured state with good mechanical properties, BECy has to undergo post-cure processing at 250 °C for 2 h. Because this post-cure temperature may be impractical and in some cases even unsafe for certain temperature sensitive repair platforms, suitability of under-cured resins to meet the requirements for the injection repair was investigated. The cure schedule directly affects the glass transition temperature and other properties in thermoset materials [14] . Curing the thermoset at a lower cure temperature may result in a repair material that is not fully cross-linked, leading to a lower T g and potentially a decrease in mechanical performance. To determine whether the BECy resin meets the requirements for injection repair prior to post-cure, it is necessary to analyze the cure kinetics and the mechanical properties of under-cured BECy resin. Reams et al. investigated the late stage cure kinetics of BECy and other resins with similar structures to understand what effect the degree of conversion (α) has on glass transition at several temperatures [15] . It was concluded that the curing temperature dominates the curing time in determining the glass transition temperature (T g ).
Lapique and Redford have conducted tensile and three point bend tests with under-cured epoxy resin adhesives and concluded that initially the mechanical strength increased and then plateaued as time and temperature increased during the cure schedule [16] . In addition to the strength of the bulk resin, the resin-composite interface also critically influences the success of the injection repair process. This resin-panel interface must be strong enough to withstand further damages.
The present work was primarily focused on optimizing the cure schedule of BECy resins used for injection repair by studying the effect of isothermal under-cure temperature on ultimate adhesive strength. Modulated differential scanning calorimetry was used to determine the influence of isothermal under-cure temperature on the conversion of bi-functional cyanate ester (-O-C N) monomer into a polycyanurate network. The ultimate goal was to identify the optimal under-cure temperature to gain maximum possible T g and α in the injected resin. The correlation between cure schedule and conversion was further studied by FTIR spectroscopy. The effect of cure schedule on the adhesive bond strength of BECy on the composite substrate was measured and optimized to achieve maximum bond strength. Engineering the cure behavior of BECy not only expanded its application to repair operations on temperature sensitive platforms, but also provided valuable information on the physical and mechanical properties of under-cured BECy before gelation.
Experimental

Materials
The repair resin was prepared by adding a small amount of liquid phase organometallic-based catalyst (3 phr of EX-1510-B, Tencate Technologies, Almelo, The Netherlands) to bisphenol E cyanate ester (BECy, Tencate Technologies, Almelo, The Netherlands). The mixture was stirred for 10 min with a magnetic stir bar, followed by degassing under reduced pressure for 20 min to eliminate the absorbed air. Samples were cured at various isothermal temperatures with a temperature ramp of 1 °C/min in a convection oven. A fully-cured sample was prepared as reference by curing at 180 °C for 2 h (standard curing schedule), followed by a post-cure step at 250 °C for 2 h.
HexPly M65 by Hexcel Corporation (Stamford, CT) is a bismaleimide-carbon fiber composite unidirectional pre-peg. Sixteen ply unidirectional (0) laminates were used as substrates for compression lap shear testing.
The properties of BECy resins cured at various temperatures and time schedules were evaluated using modulated differential scanning calorimetry (MDSC) tests on a Q2000 DSC by TA Instruments (New Castle, DE). Rather than using a constant temperature ramp, the temperature was modulated at a certain amplitude and heating rate throughout the test. This allowed the recording of heat flow into reversible and non-reversible components, making it easier to distinguish between the reversible (glass transition) and non-reversible (heat of cure reaction) processes, respectively. BECy was subjected to a series of undercuring schedules at three different isothermal temperatures ranging from 120 to 180 °C with a 30 °C step and a full cure schedule (2 h at 180 °C followed by 2 h post-cure at 250 °C). A total of 15 samples were manufactured for each temperature, each containing 8 -12 mg of degassed BECy in a hermetically sealed aluminum pan. Samples were subjected to various holding times at the cure temperature, ranging from 0 min to 12 h. The samples were heated at a ramp rate of 1 °C/min, and the holding time was recorded once the oven reached the chosen temperature. Helium was used as the purge gas, while liquid nitrogen was used to provide the temperature modulation in the DSC experiments. Each sample was heated from room temperature to 350 °C at a rate of 3 °C/min. The modulated temperature varied by ±1 °C every 60 s. Glass transition temperatures (T g ) and degree of cure (α) were calculated from MDSC test data.
Infrared spectroscopy
A Fourier transform infrared (FTIR) spectrometer (Bruker IFS66V FTIR) was used to collect infrared spectra of catalyzed BECy samples prepared following four different cure schedules. For FTIR measurements, the samples were pulverized and pressed into thin and transparent KBr pellets. The spectra were collected using 16 scans at a resolution of 4 cm −1 .
Mechanical characterization
Dynamic mechanical analysis (DMA) tests were carried out on a DMA-Q800 from TA Instruments (New Castle, DE) in tensile mode. The temperature dependent dynamic mechanical properties and the glass transition behavior of under-cured BECy were studied. The under-cured bulk BECy samples were machined into 10 × 2 × 1 mm blocks. A pre-load of 0.01 N and dynamic strain amplitude of 20 μm were used in the test program. The samples were equilibrated at room temperature for 5 min, and then ramped to 350 °C at a rate of 3 °C/min. Compressive tests were performed as per ASTM D 695 standard for rigid plastics on the bulk BECy to determine how the cure schedule affected the bulk mechanical strength of the resin under compression [17] . The under-cured bulk samples were cast in 25.5 × 12.7 × 12.7 mm (1 × 0.5 × 0.5 in) molds. At least five specimens for each cure schedule were tested using an Instron 5569 tensile testing machine (Norwood, MA), at a rate of 1.3 mm/min. The average maximum compressive load and the standard deviation were recorded and graphed.
To study the bond strength of BECy on the composite substrate, lap shear tests were conducted in compressive mode following ASTM standard D 3846 [18] . In contrast to typical tensile lap shear tests in tensile mode, the specimens were compressed until a significant drop in bond strength was observed. This is a standard method used for testing the in-plane shear strength of reinforced plastics. Two 81.28 × 12.7 mm (3.2 × 0.5 in) pieces of 16 ply composite laminate, pre-sanded and dried at 120 °C, were adhered with degassed BECy resin. A piece of scrim cloth was used to maintain the thickness of the bond line; then the samples were subjected to the desired cure schedule. The samples were pre-notched as shown in Fig. 2 to localize bond failure for an accurate estimate of bond strength. The specimen was then placed in the fixture shown in Fig. 2 (right) and subjected to a compressive load at a loading rate of 1.3 mm/min (0.05 in/min).
The compressive stress at break was recorded as the bond strength at the resin-composite interface. To determine the method of fracture encountered during the compressive lap shear tests, the fracture surfaces were examined using a Hitachi S-2460N variable pressure SEM (VP-SEM) scanning electron microscope under helium atmosphere. The SEM images were collected at an accelerating voltage of 20 kV from a working distance of 25 mm. The high magnification SEM micrographs were compared to the overall fracture surface images collected with an optical microscope (OM). The comparison revealed whether the bonded surface broke as a result of resin failure, composite failure, or a combination of both.
Results and discussion
Cure kinetics of under-cured BECy
Under-cured BECy was used to determine the influence of late stage isothermal curing of BECy on the degree of conversion (α) and the glass transition. In order to precisely determine the glass transition temperature and degree of cure from the reversible and non-reversible heat flow respectively, modulated differential scanning calorimetry (MDSC) was used instead of conventional DSC. The extent of cyclotrimerization by unreacted cyanate groups in the undercured samples was determined using Eq. (1).
where H 0 was the total heat of reaction determined as 868.7 J g −1 from the DSC scan of the uncured sample and H r was the residual heat of reaction of the under-cured resin. The change in glass transition temperature and degree of cure (α) for a series of undercuring regimes, ranging from 120 to 180 °C with 30 °C incremental steps, is shown in Fig. 3a and b. Within 2 h of isothermal curing, an increase in cure temperature resulted in a rapid increase in degree of conversion and T g which was primarily driven by the kinetics of cross-linking [19] . As the glass transition temperature of the curing polymer network approaches the isothermal cure temperature, the reaction kinetics slow dramatically as cure process transitions into a diffusion controlled reaction, and the degree of cure versus time curve plateaus. The mobility of the polymer segments in this regime is hindered by the cross-linking density resulting in deceleration in the degree of cure [20] . The transition from reaction-to-diffusion control during crosslinking is indicated by arrow marks in Fig. 3b . The late stage curing of BECy resulted in an increase in the degree of conversion from 74% to 94% as the isothermal cure temperature increased from 120 to 180 °C. Similarly, the T g increased from 137 to 227 °C within the cure temperature range. A maximum T g of 227 °C was obtained at 180 °C after 11 h, which is only 43 °C lower than the T g of 270 °C for the fully-cured resin. In general, the choice of best suited T g in a resin depends on the application. For instance, a fully-cured T g is highly recommended for BECy resins used in structural applications with high demands on dimensional stability [21] . However, in this study BECy was used as an adhesive in an application where the service temperature limits for the repair platform prohibit high temperature postcuring of the resin. The wide range of T g 's measured at different degrees of conversion in Fig. 3a and b may be used to optimize the cure schedule. In order to determine the optimum cure schedule, the relation between T g and α as well as the bond strength of the under-cured resin on composite substrates must be taken into consideration. To model the dependency of T g on the degree of conversion, the isothermal under-cure data was fitted with the DiBenedetto equation [22] . In partially cured thermosets, the concentration of randomly mixed unreacted monomer and fully reacted network can be interpreted by determining the level of conversion using the DiBenedetto empirical equation (Eq. (2)) where T g0 is the glass transition temperature of the uncured monomer and T g∞ is the glass transition temperature of the fully reacted network. The parameter λ corresponds to the change of specific heat at glass transition. [8] for isothermal curing of BECy.
Chemistry of cross-linking in under-cured BECy
The degree of conversion of cyanate ester (-O-C N) functional groups into a polycyanurate network by cyclotrimerization reaction in pre-cured BECy was examined by FTIR. The FTIR spectra of BECy monomer and BECy polymer cured at different under-cure temperatures are shown in Fig. 4 . The changes in the characteristic absorption band for C N, around 2200-2300 cm −1 , was used to quantify the conversion of -O-C N functional groups to trimerisates of polycyanurate [23] and [24] . After post-curing at 250 °C for 2 h (full cure), the peaks in the 2200-2300 cm −1 wavenumber range effectively disappeared with a pronounced absorption band for triazine rings appearing near 1360 and 1570 cm −1 . The complete disappearance of the cyanate ester band confirmed the completion of the cure reaction. The decrease in the cyanate ester absorption band and the increase in peak intensity for triazine rings indicated an increase in conversion as the cure temperature increases from 120 to 180 °C. The difference in peak intensities reflecting the conversion for samples cured at 150 and 180 °C is insignificant; it may have been caused by a difference in concentrations of BECy in the KBR pellet. However, there is a progressive increase in area under these peaks when measured relative to the 2980 cm −1 C-H band. The absorption peak at 2980 cm −1 indicating C-H bond stretching and was used as an internal standard to quantitatively represent the conversion of the -O-C N groups [23] . Recently, Xi Zhang et al. [25] , have measured the degree of conversion of an under cured epoxy resin using FTIR spectra by applying Beer-Lambert Law. Similarly, the degree of conversion in the present samples is calculated by Eq. (3) where A uncured is the original absorbance of the pure BECy resin without curing; A cured is the absorbance of the cured BECy. The degree of conversion measured from Eq. (3) is listed in Table 1 . The degree of conversion calculated from the area under the peak between 2200 and 2300 cm −1 increased from 79% to 100% with cure temperatures increasing from 120 °C to 250 °C. However, the degree of conversion for the under-cured resin measured by FTIR differed from DSC results. This could be due to difference in the measuring mechanism used to calculate conversion. 
Influence of under-cure temperature on dynamic mechanical analysis (DMA)
The dynamic mechanical storage modulus (G′) is a valuable tool for the characterization of the extent of cure in under-cured glassy thermosets. In general, the formation of a cross-linked network in thermosets is completed only when the resin is cured above its T g . In comparison, using an under-cure regimen decreases the T g of the material because of either partial or incomplete network formation. The change in storage modulus (G′) and damping factor (tan δ) for BECy cured at different under cure temperatures are shown in Fig. 5a and b, respectively. The G′ of fully-cured BECy showed an extended glassy plateau until the temperature reaches 269 °C, followed by a significant drop in modulus. This drop in G′ represents the glass transition temperature T g , also identified by a maximum in the damping factor tan δ (G″/G′) ( Fig. 5b) . For under-cured samples, the T g, corresponding to the primary maximum in tan δ, increases significantly with an increase in under-cure temperature from 120 to 180 °C. The insert in Fig. 5a shows a linear relation between T g and under cure temperature. The higher conversion of uncured phase to crosslink network with increasing cure temperature resulted in an increase in T g . The shift in glass transition to higher temperatures was caused by the decrease in the segmental mobility of BECy chains attributed to newly formed crosslinks. caused by phase separation of blend components, the transitions observed in the present samples are due to the progress in network formation. The under-cured samples initially underwent a glass-rubbery transition (primary transition) caused by the cross-linked network in under-cured samples. After completion of the primary transition, the cure reaction progress with increasing temperature resulted in additional peaks. However, the number of successive maximum peaks in the tan δ curves decreased with under-cure temperatures increasing from 120 to 180 °C. The decrease in number of such transition peaks can be attributed to the reduction in residual uncured phase. Hence, the fully-cured sample showed a single T g peak, indicating the complete conversion from under-cured gel to fully-cured, cross-linked network.
In the samples investigated here, the intensity of the primary tan δ peaks (T g ) may further provide qualitative information about the glassy phase formed during isothermal curing. The primary peak intensity of samples cured at 120 °C was higher relative compared to the samples cured at higher temperature (150, 180 °C, and full cure). As the isothermal under-cure temperature increased, the intensity of the T g peak decreased. Generally, the intensity of the tan δ peak of T g corresponds to the segmental flexibility near the glass transition. This peak height is inversely proportional to the volume fraction of the confined polymer segments in the bulk matrix [26] . With increasing degree of cure, the volume fraction of the confined polymer segments will increase along with the cross-linking density resulting in a reduction in the peak intensity [27] . The segmental flexibility is inversely proportional to the density of cross-linking, explaining the decreasing trend in intensity of T g peak with an increase in degree of cure. In addition to network density, the residual uncured phase may further enhance segmental flexibility. The uncured BECy resin, which is entangled with the cross-linked glassy phase, may provide a plasticizing effect to the segmental relaxation near the T g . Hence, a reduction of the uncured phase with an increase in conversion may further influence the intensity of the glass transition peak in undercured BECy.
Effect of under-cure temperature on mechanical properties of bulk BECy
In order to further investigate the influence of cure schedule on the mechanical performance of under-cured resins, compressive tests were conducted on bulk BECy. The compressive stressstrain curves shown in Fig. 6a correspond to one of five specimens tested in each batch. Generally, the stress-strain curve of polymers in a glassy state exhibits two regimes: the low strain response within the linear viscoelastic limits and the non-linear stress-strain behavior beyond yield point. Below T g , the low strain regime is primarily controlled by the thermomechanical history and local segmental dynamics [28] while the non-linear behavior at high strain beyond yield point is controlled by the cross-linking density of the polymer [29] . However, determining the material behavior under high strain associated with the deformation of a bulk polymer network is difficult because of the limited availability of experimental data beyond yield point. Since the chemical composition and the sample preparation method were maintained constant for all materials, the effect of thermomechanical history on the mechanical response did require consideration. Thus, the local segmental dynamics were determined as the root cause for the observed variation in bulk mechanical strength of the resin. Fig. 6b illustrates the influence of cure temperature on the deformation behavior at low strain. This can be studied as a function of elastic modulus and yield strength of the material. These results indicate that with increasing cure temperature the modulus and yield strength decreased. It was expected for the fully-cured sample to exhibit the highest strength because it had the highest T g and the highest degree of cross-linking. However, Fig. 6b shows that the strength of the fully-cured sample was substantially lower than that of the under-cured BECy. Similar inverse relationships between T g and mechanical properties have been reported earlier for epoxy-based thermoset resins [30] and were attributed to the segmental dynamics under sub-T g relaxation. The trends of tan δ peak corresponding to segmental relaxations seen in Fig. 5b are consistent with this explanation. Therefore, the observed decrease in modulus and yield strength with increasing cure temperature was attributed to the segmental mobility responsible for T g relaxations. Fig. 6 : Uniaxial compression test of fully-cured BECy compared to under-cured resins; a) stress and strain curves of under-cured BECy; b) modulus and yield strength of under-cured BECy.
Effect of under-cure temperature on the adhesive strength of BECy
Compressive lap shear tests were used to determine the bond strength of under-cured BECy resin on composite substrates. The specimens were subjected to compressive load instead of tensile load, eliminating possible first ply failure which helps reduce the large standard deviations observed in typical tensile lap shear test. The bond strengths of samples prepared by using isothermal undercuring schedules were compared to the strength of fully-cured samples. Three critical undercuring schedules (12 h at 120 °C, 12 h at 150 °C, and 12 h at 180 °C) were chosen based on the cure kinetics data. Five specimens from each cure schedule were tested and the average strength of the bond line was determined and plotted. As shown in Fig. 7 , the bond strength increased by 50% with an increase in isothermal cure temperature from 120 °C to 150 °C. On further increase in the cure temperature, the lap shear strength seemed to decline. The fully-cured (2 h at 180 °C followed by 2 h at 250 °C) specimens exhibited lower bond strength (20 MPa) than all under-cured samples. Although typically cross-linking often enhances material strength, in thermoset systems such as BECy a high degree of cross-linking seems to inhibit the material's adhesive properties. In polymer-based adhesives, the strength of the adhesive and the adhesive-substrate interactions determine bond strength. The ability of the adhesive to physically bond with the substrate may be reduced as a result of hardening of the resin due to cross-linking [31] . The gradual increase in the number of covalent bonds formed in BECy by cross-linking might surpass the physical interactions with the substrate. In Fig. 7 , the maximum lap shear strength (measured for the 150 °C cure schedule) appears to be the transition point at which the hardness of the adhesive began to inhibit the physical bond of the adhesive with the substrate. Below 150 °C, the lap shear strength was primarily controlled by the undercure strength of the adhesive and above 150 °C the lap shear strength was controlled by the bonding strength between substrate and resin. The decrease in the lap shear strength with increase in degree of cross-linking indicates the predominance of adhesive or interfacial failure. The absence of chemical interactions between adhesive and substrate resulted in a reduction in bond strength with increasing cure temperature which caused an increase in cross-linking density within the resin. Although thermoset polymers are fully-cured for practical applications, optimization of under-cure temperature is necessary for adhesive applications. A balance between the hardness of the adhesive and its ability to bond with the substrate determines the optimum cross-linking required to achieve maximum bond strength. 
Fracture surface analysis
Investigating the relationship between bond strength and the nature of the fracture surface serves as a measure in determining a resin's efficiency in healing the damages. The characteristic changes in the fracture surfaces caused by different isothermal cure temperatures are shown in Fig. 8a and b . Optical microscopic images of the fracture surfaces of lap shear specimens are shown in Fig. 8a ; their corresponding SEM micrographs are shown in Fig. 8b . The OM images revealed that the fractures in samples cured at various temperatures were a combination of adhesive and adhesive-substrate interface failure. However, with the increase in cure temperature, more traces of interface failure were apparent. A transition from resin-rich fracture mode to interface-rich fracture mode was observed in samples cured at 150 °C, which showed a homogeneous distribution of both failure modes. The homogeneous fracture surfaces indicated a uniform distribution of stress in the bond line prior to breaking the bond. In comparison, signs of stress localization were observed in samples cured at 120 and 180 °C. In resins such as BECy with brittle material behavior, stress localization results in crack initiation that may spontaneously break the bond before dispersing the load within the bond line. Consequently, samples cured at 120 and 180 °C were prone to early failure, with low bond strength caused by random crack growth originating from the points of stress localization. Scrim cloth was used to maintain the bond line in the compressive lap shear specimens. While scrim cloth is seen in all of the under-cured specimens, the scrim cloth in the fully-cured sample may have melted upon reaching the high post-cure temperature of 250 °C. Placing only scrim cloth between two composite panels and exposing them to 180 °C and 250 °C, respectively showed that at 180 °C the scrim cloth remained intact and unchanged, whereas at 250 °C the scrim cloth began to deteriorate, melted and stuck on the composite panel. In addition, fullycured samples made without scrim cloth became too brittle and failed while loading the specimen between the clamps for testing. As discussed above, the high degree of cross-linking in fully-cured samples determined the resin-substrate physical interaction, resulting in decreasing bond strength. Thus, the lap shear strength of fully-cured samples shown in Fig. 7 was primarily attributed to the presence of melted scrim cloth embedded inside the fully-cured resin. Fig. 8b depicts the high magnification SEM images of fracture surfaces taken from particular areas of interest. The fracture surface analysis of SEM micrographs is primarily focused on detecting changes at the resin-substrate interface with increase in cure temperature. The characteristic features in SEM micrographs reflecting the influence of cure temperature are adhesive yielding and carbon fiber bridging between substrate and resin. Adhesive yielding is primarily caused by collective deformation of uncured and under-cured BECy phases between the substrates. In contrast, fiber bridging is caused by the mechanical interlocking between adhesive and substrate. Adhesive yielding enhances the bond strength in brittle polymers like BECy by delaying crack initiation and promoting uniform distribution of load in the bond line due to plastic deformation of the resin. On the other hand, fractographic studies on double cantilever beam (DCB) test specimens also showed improved fracture toughness through fiber bridging [9] . In fact, a strong mechanical interlocking between the carbon fibers in the substrate and the adhesive resin resulted in fiber bridging. Thus, high yielding in the resin combined with strong interaction with the substrate provides a synergetic effect in achieving superior lap shear strength. In the current samples, the embrittlement of the adhesive caused by increasing the temperature of cure from 120 to 250 °C (full cure temperature) was indicated by the decreasing traces of resin yielding in SEM micrographs. An increase in cure temperature decreased the yielding behavior because of the higher degree of cross-linking and the reduced availability of the uncured plasticizing phase. Therefore, the decreasing trend in lap shear strength with increasing cure temperature is following the expected trend. On the other hand, despite the high yielding observed in samples cured at 120 °C, their lap shear strength was inferior to that of samples cured at 150 °C, which may be attributed to weak substrate-resin interaction generated by under-cured resin.
Conclusions
The properties of BECy resin as a potential candidate for injection repair were investigated. The relationship between cure behavior and corresponding adhesive strength developed in under-cured BECy was studied. Efforts were made to eliminate the resin's high temperature post-cure by optimizing the under-cured schedule to achieve maximum possible bonding strength with composite substrates. The chemistry of cross-linking in conversion of -O-C N functional groups to trimerisates of polycyanurate in under-cured BECy was studied and compared to fullycured resin by FTIR spectroscopy. The degree of conversion measured by MDSC in under-cured resin agreed with the FTIR measurements. The influence of partially cured phases in pre-cured BECy on bulk mechanical properties was studied by characterizing the dynamic mechanical properties of the resin. The bond strength of under-cured lap shear samples was identified to be superior to that of fully-cured samples. The bulk mechanical properties studied by compressive tests revealed a direct correlation between the sub-T g relaxation of under-cured resin to the stiffness and strength of the resin. Fractographic studies of OM and SEM micrographs further showed that a collective influence of resin-substrate interaction and adhesive yielding during deformation provided superior bond strength in pre-cured BECy. Therefore, optimizing the cure schedule of the IR resin is essential to restoring the structural strength of damaged composites after injection repair.
